Synaptic currents represent a major contribution to the local field potential (LFP) in brain tissue, but the respective contribution of excitatory and inhibitory synapses is not known. Here, we provide estimates of this contribution by using computational models of hippocampal pyramidal neurons, constrained by in vitro recordings. We focus on the unitary LFP (uLFP) generated by single neurons. We first reproduce experimental results for hippocampal basket cells, and in particular how inhibitory uLFP are disrtributed within hippocampal layers. Next, we calculate the uLFP generated by pyramidal neurons, using morphologically-reconstructed CA3 pyramidal cells. The model shows that the excitatory uLFP is of small amplitude, smaller than inhibitory uLFPs. Indeed, when the two are simulated together, inhibitory uLFPs mask excitatory uLFPs, which might create the illusion that the inhibitory field is generated by pyramidal cells. These results provide an explanation for the observation that excitatory and inhibitory uLFPs are of the same polarity, in vivo and in vitro. These results also show that somatic inhibitory currents are large contributors of the LFP, which is important information to interpret this signal. Finally, the results of our model might form the basis of a simple method to compute the LFP, which could be applied to point neurons for each cell type, thus providing a simple biologically-grounded method to calculate LFPs from neural networks.
The local field potential (LFP) recorded from the hippocampus is rich in various 2 waveforms during different network states. Sharp waves [7] , ripples [9, 44] , 3 theta [6, 8] , gamma [10] are different types of waveforms found in the LFP. These 4 patterns of activity are population phenomenon, which requires synchronised 5 contributions of large number of neurons. However, it was not until 2009 [13] 6 and 2010 [2] that researchers showed that the LFP not only reflects synchronized 7 network behavior, but also the field produced by just a single basket cell activity 8 in the rat hippocampus in vitro. Previously field triggered by single neuron 9 (called unitary field potential or uLFP) was thought to be of too small amplitude 10 to be recordable above the noise level [33] . Why is hippocampal basket cell 11 so special then? The axon of a basket cell does not extend very far from the 12 cell body (soma) and it targets mostly the bodies and proximal dendrites of 13 nearby pyramidal cells. In the hippocampus, pyramidal cell somas are packed in 14 a single layer called stratum pyramidale, leading to the axon of a basket cell to 15 form what appears to be the shape of a basket (hence the name). The synaptic 16 currents induced in the postsynaptic population are therefore clustered in space, 17 which allows for easy addition of the signal. 18 However, in 2017 Telenczuk et al showed [37] that not only in the hippocampus 19 but also in in the neocortex in vivo in human and in monkey, it is possible 20 to extract unitary fields generated by not only single inhibitory but also by 21 single excitatory neurons. Surprisingly, however, the two signals were of the 22 same polarity despite being generated by currents of opposite sign. Moreover, 23 there was a systematic time lag between them, with excitatory fields peaking 24 later than inhibitory fields. It was hypothesised that excitatory uLFPs may be 25 in fact di-synaptic inhibitory uLFPs: when a single pyramidal neuron fires, it 26 induces the firing of inhibitory neurons which in turn generate the uLFPs. It 27 is very likely that the same happens in the hippocampus where the pyramidal 28 neuron-basket neuron connections are known to be very reliable [29] . 29 In the present paper, we seek for plausible mechanisms to explain these 30 observations, considering the hippocampus. We first reproduced the basket cell 31 in vitro experiments in the model. We show that, indeed the extent of the axon 32 of a basket cell creates high likelihood for triggering relatively large extracellular 33 fields. We show how this signal spreads within different hippocampal layers. 34 Next, we repeat the same simulations for two pyramidal cells with very different 35 axon reach. Here, we show that the excitatory uLFP in vitro is of much smaller 36 
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amplitude than the inhibitory uLFP, although the exact location and size will 37 depend on the axon extent and where it is cut during the slicing procedure. 38 Finally, we check if the hypothesis of Telenczuk et al [37] is also correct for the 39 hippocampal data. By superimposing the excitatory uLFP with inhibitory uLFP 40 after short delay we show that, indeed, the excitatory uLFP is being masked, 41 leading to a pyramidal cell-triggered inhibitory field. Finally, we propose that 42 uLFPs calculated by our model might form the basis of phenomenological models 43 of the LFP, by convolving the generated spiking activity of point-neuron models 44 with calculated unitary fields for specific cell types in space and time. This 45 in turn will enable for better and faster understanding of recorded local field 46 potentials.
47

Materials and Methods
48
Our model was written in Python 2.7 and used the Neuron Simulator [18] for calculations of the local field potential.
51
Size of the slice
52
The soma of the presynaptic cell was assumed to be at coordinate (0,0,0). The 53 slice size extended from -500 to 500 µm in length, -500 to 800 µm in height and 54 -200 to 200 µm in width (commonly used slice width in experimental studies 55 interested in measuring local field potential [2, 26] ). Somas of postsynaptic cells 56 were placed throughout the length and the width of the slice and within -40 to 57 40 µm in height direction (ie. pyramidal cell layer).
58
Postsynaptic population
59
To model the postsynaptic population, we inspected multiple CA3 pyramidal cell 60 morphologies which were reconstructed from the rat hippocampus and which we 61 downloaded from neurmorpho.org online database. This inspection was done in 62 two ways: (i) visually, where we checked if the neurons did not look flatten and 63 if the overall dendritic tree appeared uninjured (Fig. 1A) , and (ii) quantitatively, 64
where we monitored the change of size in diameter of the dendrites making sure 65 that it decreased with the distance from the soma (Fig. 1B) as the diameter of 66 the dendrites is of crucial importance for calculating the correct extracellular 67 3/22 field. We decided to take all the selected reconstructions from the database 68 of a single lab, which we chose to be the one of Amaral [20] . This selection 69 process led us to 20 distinct CA3 pyramidal cell morphologies which we then 70 translated vertically, with apical dendrites facing up (Fig. 1A) The amplitudes and time constants of simulated synaptic currents are also 83 given in Table 1 . Synaptic current is usually measured from the soma, which is 84 not a problem in case of the basket cells, which place their synapses in the soma. 85 However, it may cause discrepancies in case of input from pyramidal neurons 86 which place their synapses far from the soma. To account for this we used the 87 values calculated for the current at the dendrite as given in the paper of Guzman 88 and colleagues [15] .
89
Calculation of the local field potential
90
To calculate local field potential generated by activation of the synapses on each 91 neuron in space, we used the NeuronEAP python library [38] which is based 92 on linear source approximation [19, 41] . Figure 1C shows an example of local 93 field potential for two randomly placed inhibitory (left) and excitatory (right) 94 synapses. The current at each of the synapse is plotted in Fig. 1D . of the postsynaptic cells: Fig 2A) . Next we created at least one and maximum of 101 six inhibitory synapses on each of the cells. The highest probability of creating 102 a synapse was within the pyramidal cell layer or, within stratum lucidum [30] . 103 Throughout the length of the slice the probability decreased with the distance 104 from the body of the presynaptic cell with a gaussian profile. The exact location 105 of the synapses is indicated by red dots in Fig represented by black dots were also drawn to give an idea of the spread of 110 dendritic trees through the layers (Fig 2B) .
111
Next, we simulated the activation of the synapses and we calculated how the 112 generated current spreads through the cells and in the extracellular space. Their amplitude decreases with the distance of the presynaptic neuron with 125 agreement to Bazelot (2010) [2] . The location of the electrode has an influence 126
on the amplitude and deflection of the recorded signal. Finally, we calculated 127 current source density analysis which clearly shows the source of the current in 128 the pyramidal cell layer and nearby.
129
Next, to compare our findings with the published experimental results we 130 selected one of the largest signals (array a, electrode 7) and we measured its 131 amplitude, and time from the beginning of the rise to the peak of the signal 132
( Fig 3A) . In the paper of Bazelot and colleagues [2] the mean amplitude of the 133 recorded signal was 28.1 µV whereas recording from our largest waves was 36.7 134
µV . Although, Bazelot and colleagues did not specify rise-to-peak time, the 135 timings read from their figures are similar (1.53 ms in the Fig. 3A ). After that, 136
we checked how the location of the maximum and minimum peak of the signal 137 varies depending on the location of the electrode in different layers. To this 138 extent we took measurements from all the electrodes in the electrode array and 139
we checked for the maximum and minimum in time. The time of the peaks 140 varied largely depending where the electrode was placed (Fig 3B) . Finally we 141 measured the peak to peak deflection throughout different layers, distribution 142 of which we show in Fig 3C. It shows how the amplitude and the deflection of 143 the measured signal might change with just a very slight shift of the electrode 144 within the hippocampal layers.
145
Excitatory unitary field potential (exc-uLFP)
146
Axonal trees of pyramidal neurons are very different from those of basket cells. 147
They tend to be very long (200 mm for CA3b to 500 mm for CA3c pyramidal 148
neuron [34] , as compared to 900-1300 µm in basket cell [22] NeuroMorpho.Org ID: NMO 00931 [35] , which we will call Cell B (Fig. 4A right) . 156 Next, we rotated them so that the dendritic tree was oriented vertically and we 157 has been also pointed out previously [21] .
173
It is known that inter-varicosities distance on the CA3 pyramidal axon is on 174 average 4.7 µm [24, 36, 43] . We combined this information with the calculated 175 length of the axon to estimate the probability of placing a synapse within each 176 50µm bin. Total number of synapses placed by Cell A should be around 2400 177
and placed by Cell B it should be around 3000. CA3 pyramidal neuron in 58% 178 cases places 1 synapse on its postsynaptic target and in remaining 42% cases it 179 places 2 synapses [16]. Therefore we created the postsynaptic cell population of 180 cell A to be 1600 and of cell B to be 2210 cells. We gave the probability of placing 181 a synapse matching the distribution of the cut axon, by doing so we ended up 182
with the synapse distribution as indicated by green dots and green histograms 183 Cell B) and it changed across the different layers.
210
We conclude that for the two pyramidal neurons the uLFP might prove diffi-211 cult to measure experimentally in vitro. One would need to place an extracellular 212 electrode in the correct location which differs from cell to cell.
213
Masking of excitatory uLFP with inhibitory uLFP
214
Pyramidal cells form only few synapses on their basket cell targets, however, those 215
connections are known to be very reliable [29] . Recently, Telenczuk and colleagues 216
proposed that the unitary fields triggered by the activation of the excitatory 217 neurons which we recorded from the human and monkey neocortex were in-fact 218 bi-synaptic inhibitory unitary fields [37] . We believe that this might also be 219 true in the hippocampus. To check if this is indeed plausible, we superimposed 220 the excitatory uLFPs generated by Cell A and Cell B with the inhibitory uLFP 221 after a 3 ms time delay (Fig. 6 ) [29, 31] . The local field potential at 5.5 ms 222
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after the beginning of the simulations shows much stronger contribution of the 223 inhibitory uLFP with very strong positive field around stratum pyramidale (Fig 224   6A ). The recordings from the a-d electrode arrays reveal very minor excitatory 225
uLFP contribution compared to the strong inhibitory uLFP contribution (Fig 6) . 226 Our results show that, indeed it might be difficult to separate excitatory uLFP 227 from the inhibitory one without use of manipulations that would block specific 228 cell types. Please also note that in our model both inhibitory and excitatory 229
neurons are located at (0,0,0) coordinate therefore the signal is strong for both. 230 However, in the real recordings it is more likely that the somas will be shifted. inhibition, but it also forms always the same dipole. These dipoles on each 265
pyramidal cell sum up, and yield a uLFP of larger amplitude. This explanation 266
is supported by our computational models.
267
In addition, we showed that the axon morphology of pyramidal neurons has 268 a critical influence on the uLFP recorded along the radial and lateral axes ( some basket cells. These, in turn, can produce measurable LFP that will be 295 associated with the action potentials of the pyramidal neurons. Our model 296
shows that this bi-synpatic mechanism can lead to a measurable contribution of 297 pyramidal neurons to the LFP.
298
These findings help with the correct interpretation of the LFP signal. Not 299 only the present modeling study provides a mechanistic explanation for previous 300 experimental results, but it also suggests a new interpretation of the LFP signal. 301
Because the LFP signal in the tissue is a sum of each neuron's contribution 302 (uLFPs), our model predicts that the LFP mostly reflects the inhibitory currents 303 in pyramidal cells.
304
One limitation of the present study is that it does not include include the 305 LFP contribution of synaptic currents in inhibitory neurons. However, these 306
neurons are mostly symmetric, so that the dipolar contribution is limited. It also 307
does not include the possible contribution of intrinsic currents such as Ih [32] E. Current source density analysis done on the field average across the length of the axon (x direction). Layers: st l mol -stratum lacunosum moleculare, st radstratum radiatum, st luc -stratum lucidum, st pyr -stratum pyramidale, st ostratum oriens.
14/22 Fig 2C) . The area shaded in orange indicates the measurements: the amplitude of 36.7 µV and time to peak of 1.15 ms. B. Stars show the beginning of the synapse activation. Time to minimum and maximum peak of each trace recorded by the array a is indicated by red and blue dots respectively. Enlarged dots indicate if the peak was absolute maximum in the trace. Time to peak vary between layers. The peak arrives the earliest (start of the rise to peak: 1.53 ms) in stratum pyramidale while it is as late as 3.05 ms in stratum moleculare (time from blue line to bold red and blue dots). C. Peak to peak deflection within different hippocampal layers. The highest positive peak is in stratum pyramidale but it points downwards in in stratum radiatum and stratum lacunosum moleculare 15/22 
